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ABSTRACT: Although periods of severely reduced oxygen concentration are occurring with
increasing frequency in coastal marine ecosystems, the effects of such exposures on early devel-
opment have not been extensively explored. Brooding females of the gastropod Crepipatella
dilatata expose their embryos to such hypoxic conditions (<1 mg O, 1) naturally during periods
of intense seasonal rains, when they isolate their brood chambers from the external environment
for long periods. We investigated the effects of such reduced oxygen availability on the encapsu-
lated embryos and also looked for delayed (‘latent’) effects on juveniles after their emergence
from the mothers. After 24, 48 or 72 h at oxygen levels <1 mg O, 1™}, at 12°C and 30 psu salinity,
females were transferred to aerated seawater. Many females selectively evicted some of their egg
capsules, particularly those containing advanced embryos. Also, juvenile emergence was de-
layed, although those individuals emerging later had the same mean size as those derived from
non-stressed embryos. Latent effects were also observed: the hypoxia experienced during embry-
onic development reduced the number of juveniles successfully emerging per female and
severely compromised juvenile growth and survival over the next 30 d. Our results show that
extended periods of severe hypoxic conditions can have a dramatic impact on early development
and reproductive fitness, with some effects not appearing until long after normoxic conditions
have been restored and the juveniles have emerged into the natural environment. The study also
shows that brooding can in some situations expose embryos to severe stresses, even while protect-
ing embryos from other stresses.
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INTRODUCTION

Many marine animals from a variety of phyla brood
their embryos for a time, typically using specialized
internal or external body parts (fish, Jones & Rey-
nolds 1999, Wilson et al. 2003; echinoderms, Hendler
1975; polychaetes, Blake et al. 2009; crustaceans,
Baeza & Fernandez 2002, Vogt 2013; bivalves, Chap-
arro et al. 2011a, Tankersley & Dimock 1993; gas-
tropods, Chaparro et al. 2005a). Such behavior is
generally and understandably considered to be pro-
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tective (Gillespie & McClintock 2007) against both
predators and external environmental stresses (Cha-
parro et al. 2008b). However, under some conditions,
brooding can expose embryos to deleterious condi-
tions within the brood chamber even while protect-
ing them from deleterious external conditions. Some
gastropod and bivalve species, for example, brood
their embryos in the mantle cavity, where the gills
are also situated (Chaparro et al. 2001, 2008c, Cas-
tanos et al. 2005, Ituarte 2009). As a response to des-
iccation or salinity stress, such animals typically use
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their shells as barriers: bivalves can simply close the
shell valves together, while gastropods can adhere
tightly to the substrate, in both cases thereby isolat-
ing the interior brood chamber/mantle cavity from
the external environment (Hand & Stickle 1977,
Shumway 1977, Djangmah et al. 1979, Berger &
Kharazova 1997, Chaparro et al. 2009a, 2011b, Mon-
tory et al. 2009, Sussarellu et al. 2012). Although such
behaviors can maintain high salinities in the mollus-
can mantle cavity for long periods of time, despite
greatly reduced external salinities (e.g. Chaparro et
al. 2009a), water quality within the mantle cavity,
where the embryos are brooded, gradually deterio-
rates (Chaparro et al. 2009a). Such deterioration can
include severely decreased concentrations of dis-
solved oxygen (Chaparro et al. 2009a, Segura et al.
2010). Although the effects of hypoxia on adult phys-
iology and behavior have been reasonably well
explored for a variety of organisms in recent years
(Tankersley & Dimock 1993, Christensen & Colacino
2000, McMahon 2001, Wu 2002, Gorr et al. 2010, Liu
et al. 2011, Connor & Gracey 2012, Wang et al. 2012),
few studies have considered the effects of hypoxia on
early development, and only one (Li & Chiu 2013) has
looked for latent effects—effects that appear well
after the stress has ended (reviewed by Pechenik
2006).

During seasonal periods of intense spring rains,
brooding females of the suspension-feeding marine
gastropod Crepipatella dilatata (Lamarck, 1822)
completely isolate their brood chambers from the
external environment (Chaparro et al. 2009a,b, Mon-
tory et al. 2009) for 72 h or more whenever the salin-
ity falls below 22 psu (Chaparro et al. 2009a), gener-
ating severely hypoxic conditions within the brood
chamber (Chaparro et al. 2009a). Indeed, because
the chamber in which the embryos are brooded
has such a small volume (~1 to 2 ml, Chaparro et al.
2011b), the fluid surrounding the brooded embryos
of C. dilatata becomes severely hypoxic (<1 mg O,
I"!y after being isolated from the external environ-
ment for only a few hours (Chaparro et al. 2009a).
Unfortunately for the embryos of this species, such
periods of intense rainfall coincide with peak repro-
ductive activity in our study area, the Quempillén
estuary, Chile (C. J. Segura pers. obs.), a place that
exhibits ambient salinities as low as 6 psu during this
time (Toro & Winter 1983). The gastropod C. dilatata
thus provides an excellent system for studying the
consequences of hypoxia in early development.

Several recent studies have considered the imme-
diate impact of hypoxia on embryonic and larval sur-
vival for a number of marine invertebrate species

(Eerkes-Medrano et al. 2013, Leung et al. 2013). We
also know that exposure to hypoxic conditions causes
females of C. dilatata to evict at least some of their
egg capsules (C. J. Segura unpubl. data). However,
the possibility that hypoxia experienced by brooded
embryos may affect the embryos in more subtle
ways, well after the stress has ended, has not previ-
ously been considered. Certainly, some stresses
experienced by free-living larvae often have such
negative long-term effects (called ‘latent effects,’
Pechenik 2006) much later in development; this has
been particularly well documented for larvae of
marine invertebrates (Pechenik et al. 1998, Qiu &
Qian 1999, Pechenik & Rice 2001, Phillips 2002, 2004,
Pechenik 2006, Thiyagarajan et al. 2007, Chiu et al.
2008, Li & Chiu 2013). For example, exposing the
planktotrophic larvae of some marine animals to
reduced food availability, thermal stress, or low
salinity for just a portion of the larval stage can com-
promise future juvenile survival, reduce juvenile
growth rates, and delay reproductive maturity
(Miller 1993, Pechenik et al. 1996a,b, Qiu & Qian
1999, Pechenik & Rice 2001, Phillips 2002, 2004,
Thiyagarajan et al. 2007, reviewed by Pechenik
2006). Moreover, Li & Chiu (2013) recently found
that, at least under some conditions, exposing the
free-living larvae of Crepidula onyx to low oxygen
for 8 to 10 d prior to metamorphosis reduced juvenile
growth rates significantly in normoxic conditions.

In the present investigation, we sought (1) to
understand the relationship between the amount of
time that brooding females of C. dilatata (and their
brooded egg masses) were exposed to low oxygen
availability and the likelihood of egg capsule evic-
tion; (2) to determine whether capsules are evicted
selectively or at random with regards to number of
embryos per capsule; (3) to document any differences
in susceptibility to hypoxia for embryos at different
stages of development; and (4) to determine whether
exposing brooded embryos to low oxygen for 24 to
72 h can produce latent effects on emergence times,
juvenile growth rates, or juvenile survival well after
the stress has ended.

We believe this to be the first study to consider the
potential longer-term impact of hypoxia experienced
by brooded embryos. Although our study focuses on
a single gastropod species, we believe that our
results have far broader implications, as hypoxic con-
ditions have become more common in freshwater
and coastal environments around the world, due to
climate changes and increasing input of anthro-
pogenic nutrients and organic matter (Wu 2002,
Levin 2003, Matear & Hirst 2003, Diaz & Rosenberg
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2008, Middelburg & Levin 2009, Howarth et al. 2011,
Ho & Burggren 2012, Zhang et al. 2013).

MATERIALS AND METHODS
The study organism

The gastropod Crepipatella dilatata is especially
well-suited for these studies. Females enclose their
fertilized eggs within a group of balloon-like, thin-
walled egg capsules, with hundreds of eggs con-
tained within each capsule. A variable number of
nurse eggs are enclosed within each egg capsule as a
food source for the developing embryos (Chaparro et
al. 1999). Females attach the stalks of the capsules to
the hard substrate (especially rocks and shells) on
which they live and shelter those capsules from pred-
ators and other environmental stresses within the
mantle cavity beneath the shell (Chaparro et al.
2008a). Within this cavity, the capsules are bathed by
the mantle fluid for at least 18 d (Chaparro & Paschke
1990), until the offspring hatch from the capsules and
then emerge into the adult population as juveniles
(Gallardo 1979, Chaparro et al. 2008a). During the
incubation period, the females of this species at our
study site (the Quempillén estuary) are exposed to
severe and prolonged reductions in salinity during
seasonal periods of heavy rains that overlap with this
species’ peak breeding period (Chaparro et al.
2008b,c). Previous studies have shown that adults of
C. dilatata isolate themselves from the external envi-
ronment whenever ambient salinity falls to 22 psu
(Chaparro et al. 2008b, 2009a), a condition that lasts
for up to 72 h in the Quempillén estuary during the
spring breeding season.

Obtaining brooding females and staining embryos
with calcein

During the reproductive period, 50 females of C.
dilatata with shell lengths of 3.0 + 0.5 cm (mean + SD)
were collected each week from the Quempillén river
estuary (41°52'S, 73°46' W, southern Chile), to deter-
mine the percentage of brooding females in the pop-
ulation over time. When >70% of the females were
brooding, we collected about 400 individuals of 3.0 +
0.5 cm shell length; all were attached to empty shells
of the bivalve Mpytilus chilensis. A hole was drilled
into each Mytilus shell valve with a 2 mm diameter
drill bit to connect the external environment with the
internal brooding environment of the female pallial

cavity. Thus we made sure that the brooded embryos
were exposed to the conditions of the external envi-
ronment despite any possible attempts of brooding
females to isolate the pallial cavity in response to
hypoxic conditions.

Before the experiments, 400 females were main-
tained for 7 d in aquaria (360 x 40 x 25 cm) with flow-
ing seawater (salinity > 28 psu) at constant tempera-
ture (12 + 1°C) and with continuous aeration (approx.
8 mg O, I'!). Immediately before beginning the
experiments, all females were exposed for 4 h to a
solution of calcein (2,4-bis-[N,N’'-di(carbomethil)-
aminometil]-fluoresceina, Sigma #C0875) at 100 mg
1!, to mark the shells of the incubated embryos
(Moran 2000, Montory et al. 2009). Such staining was
possible because females pumped seawater with
high salinity containing the calcein to the interior of
the pallial cavity, where the embryos were brooded.
The staining of embryos allowed us to determine
whether or not the embryos had shells at the start of
each experiment, and if they did, to determine their
shell lengths at the start of the study, all without our
having to disrupt the brooding process. Females
were then transferred into another aquarium con-
taining seawater at a salinity > 28 psu. At the end of
the experiment all juvenile shells were collected and
examined using a fluorescent microscope. If the
shells showed the calcein mark under the fluorescent
microscope, then shell lengths were quantified to
identify the stage and size at which organisms had
been exposed to hypoxia. Shell length measurements
were carried out using digital image processing soft-
ware (QCapture Suite V. 2.98.2). Juveniles lacking a
calcein mark in their shell at emergence were con-
sidered to have been non-shelled embryos when
they had been exposed to hypoxia. Depending on the
developmental stage or shell length of embryos at
the beginning of the experiments, embryos were
assigned to one of the following categories: (1) early
embryonic stage (embryos without shell, diameter
<300 pm); (2) veliger intermediate stage (shell length
400 to 799 pm, with velum well defined); and (3)
advanced pre-hatching stage (close to hatching, shell
length >800 pm, foot well developed).

Exposing brooded embryos at different develop-
mental stages to severe hypoxia

These studies were conducted using a single non-
recirculating aquarium containing 70 1 of seawater
(salinity >28 psu) at constant temperature (12°C).
Oxygen concentration was reduced to levels of
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severe hypoxia (<1 mg O, I"!) by bubbling N, gas
into the seawater. To maintain desired low levels of
oxygen throughout the exposure period, we bubbled
nitrogen into the seawater continuously. Dissolved
oxygen concentrations were monitored with optic
technology using a Presens Microx TX3 micro-
sensor. The sensor was previously calibrated in
anoxic water using a saturated solution of Na,SOs,
and in oxygen-saturated water by bubbling air con-
stantly into the water. Immediately after the calcein
stain was applied, 100 control females were obtained
at random and placed in a series of small individual
containers (7 x 5 x 4 cm) with mesh forming the top
and bottom surfaces to allow for ample water flow
and to retain any evicted egg capsules or emerged
juveniles. These containers were then placed into a
single large aquarium tank supplied with flowing
seawater, so that all females were held under the
same conditions. The microalgae Isochrysis galbana
was added as supplementary food.

The remaining calcein-stained snails (N = 300)
were exposed to severe hypoxia for 24, 48 or 72 h in
a different large, common aquarium with the same
dimensions as described in the previous section. At
the end of each exposure, approximately 100 brood-
ing females were randomly chosen from the common
aquarium and moved to small individual mesh-sided
containers, as described in the paragraph above, and
placed in the same well-aerated common aquarium
(70 1, running seawater, 12°C, food supplemented
with I. galbana). Females were then allowed to con-
tinue brooding. We checked daily for capsule evic-
tion and for emergence of juveniles as described
below.

Early impact of restricted oxygen on
brooded embryos

Any impact of severely reduced oxygen availability
on females and their brooded embryos prior to hatch-
ing was considered to be an ‘immediate effect’. We
measured the following immediate effects:

(1) Time until egg capsules were ejected (‘evicted')
from the mantle cavity and the percentage of females
ejecting at least some capsules: For 76 brooding
females held individually, we recorded the time from
the end of the stress until each eviction process be-
gan and ended. The percentage of brooding females
evicting any of their egg capsules was determined.

(2) Embryonic packaging within evicted egg cap-
sules: From each evicting female (control = 0 evicting
females, 24 h = 21, 48 h = 22, 72 h = 33 evicting

females), we recorded the total number of capsules
evicted during the brooding period. Evicted capsules
were then carefully opened and digital images of
their contents were obtained using an Olympus SZ61
stereomicroscope coupled with an image processor
system (includes Q-Imaging MicroPublisher 5.0 digi-
tal camera and QCapture Suite V. 2.98.2 image ana-
lysis software). These images were used to determine
the number of embryos in each evicted egg capsule,
and to record the stages of embryonic development.

(3) Size of embryos: Embryos from each evicted
capsule (total evicting females: N = 76) were placed
in an Eppendorf tube and preserved in a solution of
80 % ethanol and 20 % filtered seawater. Embryo di-
ameters (for early embryos) and shell lengths (for
later-staged veligers) were later measured at 40x
magnification. For embryos that were shelled at the
time of exposure to the stress, the calcein marks in the
shells were identified using an Olympus microscope
(model BX41) equipped with a mercury lamp (model
USH-1030L, 100 W bulb) and epi-illumination via a
blue light filter (wavelength centered at 460 m). The
calcein mark allowed us to determine whether or not
embryos had shells when they were exposed to the
hypoxic conditions, and if so, what the shell length
was at the time of exposure. This allowed us to later
determine the relationship between degree of expo-
sure to stress and the size and stage of development
at which evicted embryos had been stressed.

Latent effects on early juvenile

We measured time to emergence and number of
juveniles released per female. Shell length and juve-
nile survival were quantified at 30 d after emer-
gence to determine whether exposing encapsulated
embryos to severe hypoxia had latent effects on sub-
sequent development. We collected the following
data:

(1) Time until emergence of juveniles from the
brooding mother (N = 325) and the number of juve-
niles released per female (N = 325): We determined
the length of time between exposing the mothers to
severe hypoxia and the day on which the first juve-
niles emerged into the adult population, as well as
the number of juveniles released per female. Emer-
gence times were examined as a function of the
degree of hypoxic stress experienced and the devel-
opmental stages at which they had received the
hypoxia stress during the brooding period.

(2) Juvenile shell length and survival at 30 d after
emergence from the female (N = 325): 4 to 5 juveniles
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were collected per female and preserved at 30 d post
emergence. Shells of these juveniles were observed
using an epifluorescence microscope to identify the
calcein mark on the shell, enabling us to determine
the size at which individuals had been exposed to
the stress. Additionally, photographs taken of each
specimen allowed us to measure shell lengths. The
average values from the 4 to 5 juveniles that were
studied from each female were used for the statistical
analyses.

When juveniles were 30 d old, survival was deter-
mined by comparing the number of juveniles re-
leased from each female on Day 0 with those remain-
ing alive after 30 d.

Statistical analysis

Normality and homoscedasticity of data were
tested before further analysis. When those assump-
tions were met, we analyzed the data using ANOVA,
with a significance level of p < 0.05. A 1-way ANOVA
was used to identify whether the mean initial sizes
(embryo diameter or shell length) of the 3 develop-
mental stages used in the study (early embryo, inter-
mediate veliger, advanced pre-emergence individu-
als) were significantly represented in each hypoxia
treatment previous to the start of the experiment
using embryos from 325 females. A 2-way ANOVA
was used to identify the effects of hypoxic stress for
embryos in different stages of development on time
until egg capsule eviction, number of capsules evic-
ted, and number of embryos per evicted egg capsule.

Data on time to eviction and percentage of evicting
females were square-root transformed before analy-
sis to meet the assumptions of the statistical tests
used. When significant differences were identified,
we then used an a posteriori Tukey test to determine
the source of those differences.

A non-parametric chi-square test was carried out
on data concerning the effects of hypoxia on the per-
centage of females evicting egg capsules at each
development stage in comparison with the control
results.

Data on size at emergence, juvenile shell length,
number of emerged embryos per female, and mean
juvenile survival per female were examined for
latent responses to hypoxia. Statistically significant
differences were quantified by 2-way ANOVA, con-
sidering as factors the stage of embryonic develop-
ment and the duration of exposure to hypoxia to
identify the impact that hypoxia experienced as
embryos at different developmental stages had on

Time to eviction (d)

subsequent juvenile development. Data for juvenile
size at emergence and juvenile shell length at 30 d
after emergence were natural log transformed to ful-
fill the assumptions of the ANOVA. A Tukey multiple
comparison a posteriori test was used to identify sig-
nificant differences at a level of p < 0.05.

RESULTS

Immediate impacts of hypoxia on egg
capsule eviction

Embryos used in the hypoxia experiments fell into
1 of 3 groups (early pre-shelled, intermediate veliger
and advanced near hatching individuals) differing
significantly in initial size (1-way ANOVA, F 355 =
406.16, p < 0.001).

Control females did not evict any egg capsules dur-
ing the study, in contrast to females exposed to
hypoxic events (Fig. 1). The time-lag before any cap-
sules were evicted, the percentage of females evict-
ing, the number of capsules evicted per female and
the number of embryos per evicted capsule all varied
with the duration of the hypoxic stress. Specifically,
capsule eviction (all capsules considered together,
without considering stage of development) was ini-
tiated more quickly after longer exposure to the
hypoxic stress (Fig. 1, Table 1), and females brooding
more advanced embryos evicted their egg capsules
sooner than those brooding capsules containing

14
[ Early pre-shelled
m Intermediate veliger
12 ~ M Advanced near hatching
10 a
8+ b
b
6 .
c
4 c © ¢
2
* * *
0 T
0 24 48 72

Duration of hypoxic stress (h)

Fig. 1. Crepipatella dilatata. Influence of the duration of hy-

poxic stress and stage of embryonic development on mean

time to egg capsule eviction by females following exposure

to hypoxia (<1 mg O, 17!) for up to 72 h (N = 73). Vertical bars

represent SE. Different letters above the bars represent

significant differences between means. * = no capsules were
evicted
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intermediate stage embryos (Table 1)
(e.g. average time to eviction varied
from 9.3 d for females brooding inter-
mediate veligers stressed for 24 h, to
only 2.7 d for those stressed for 72 h,
Fig. 1).

For all levels of hypoxic stress (24,
48, or 72 h), more females evicted egg
capsules if the stress had been experi-
enced by intermediate and advanced
prehatching stages rather than by
individuals at earlier stages of devel-
opment. The percentage of females
evicting their egg capsules was high-
est when they had been brooding
advanced embryos (Fig. 2). Females
brooding embryos in early stages of
development evicted capsules only
after being subjected to the most
intense level of stress (Fig. 2).

The total number of capsules elimi-
nated by evicting females increased
significantly with the duration of ex-
posure to the stress (Fig 3, Table 1).

Table 1. Crepipatella dilatata. Two-way ANOVA for the effects of the duration
of hypoxic stress (0, 24, 48 and 72 h) and the stage of embryonic development
(early pre-shelled, intermediate veliger and advanced near hatching) on the
time to eviction, number of evicted capsules per female, evicted embryos
per capsule, time to emergence, number of emerged juveniles per female, size
at emergence, juvenile shell length (30 d after emergence) and juvenile
survival per female (30 d after emergence). Bold p-values indicate statistical

significance
Source df MS F P Figure
Time to eviction Fig. 1
Hypoxic stress 2 152.64 55.92  0.0001
Stage embryos 1 55.06 20.17  0.0001
Stress x Stage 2 11.15 4.08 0.021
Error 67 2.72
No. of evicted capsules per female Fig. 3
Hypoxic stress 2 82.87 6.39 0.003
Stage embryos 1 1.98 0.15 0.697
Stress x Stage 2 2.23 0.17 0.842
Error 67 12.96
Evicted embryos per capsule Fig. 4
Hypoxic stress 2 330.50 11.92  0.0001
Stage embryos 1 45.28 1.63 0.206
Stress x Stage 2 27.14 0.97 0.381
Error 67
Time to emergence Fig. 5

Hypoxic stress 3 965.49 649.15 0.0001
However, the number of capsules Stage embryos 2 105872 711.83  0.0001
evicted following each hypoxia treat- Stress x Stage 6 23.77 15.98  0.0001
ment was not related to the stage of Error 313 1.48
embryonic development at the time No. of emerged juveniles per female Fig. 6A
that stress was experienced (Fig. 3, Hypoxic stress 3 7450.19  21.52  0.0001
: Stage embryos 2 92.72 0.26 0.76
Table 1). F 1 dtoh
able 1). Females exposed to hypoxic Stress x Stage 6 30875  0.89  0.50
stress for 24 h evicted significantly Error 313 346.16
f r Il n T han
ewer capsules, on average, tha Size at emergence Fig. 6B
those exposed for 48 h (7 vs. 11 cap- Hypoxic stress 3 0.06 10.79 0.67
sules per female, respectively), while Stage embryos 2 0.002 0.31 0.73
a 72 h exposure did not produce a Stress x Stage 6 0.004 0.63 0.70
significantly greater response than Error 313 0.006
that produced by a 48 h exposure Juvenile shell length Fig. 7A
(Flg 3’ Table 1) The mean number HYpOXlC stress 3 5.74 338.20 0.0001
£ b insid icted 1 Stage embryos 2 0.004 0.21 0.80
o €mbryos inside evicled capsules Stress x Stage 6 001 057 0.74
increased significantly with duration Error 313 0.02
Of. exposure to the hypoxic stress Juvenile survival per female Fig. 7B
(Fig. 4, Table 1). However, stage of Hypoxic stress 3 23009.2 162.68  0.0001
development when stressed had no Stage embryos 2 14.21 0.10 0.90
significant impact on the number of Stress x Stage 6 190.24 1.34 0.23
. . Error 313 141.43
embryos found in evicted egg cap-
sules (Fig. 4, Table 1). But again, for
each developmental stage at the time
of exposure, the number of embryos per evicted egg stressed for 72 h evicted egg capsules containing an
capsule increased with longer exposure to the average of 23 embryos each (Fig. 4). Note that no
stress. For example, females brooding intermediate- females evicted any egg capsules following 24 or
stage shelled embryos evicted egg capsules con- 48 h exposures to stress if the capsules had con-
taining an average of 13 embryos each following tained early pre-shelled embryos at the time of

24 h exposure to severe hypoxia, while those exposure (Fig. 4).
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Fig. 3. Crepipatella dilatata. Influence of the duration of hy-
poxic stress and embryonic stage of development on the
number of egg capsules evicted by brooding females ex-
posed to hypoxia for 0 to 72 h (N = 73). Vertical bars repre-
sent SE. Different letters above the bars represent significant
differences between means. * = no capsules were evicted

Latent eifects due to oxygen restriction
during brooding

Emergence from maternal protection was delayed
following prolonged exposure to the stress (Table 1);
the magnitude of the effect varied inversely with
embryonic stage of development at every stress level
(Table 1). Specifically, time to emergence was de-
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Fig. 4. Crepipatella dilatata. Influence of embryonic stage

and duration of hypoxic stress on the number of embryos

per evicted egg capsule following exposure to hypoxic stress

(N = 73). Vertical bars represent SE. Different letters above

the bars represent significant differences between means.
* =no capsules were evicted
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Fig. 5. Crepipatella dilatata. Influence of stress duration and

embryonic stage at time of exposure on time to juvenile

emergence following exposure of brooding females to hy-

poxia for the times indicated (total females N = 325). Vertical

bars represent SE. Different letters above the bars represent
significant differences

layed for about 10 d for embryos experiencing the
maximum stress (72 h) in early development, by
about 9 d for those stressed as intermediate veligers,
and for only about 6 d for those stressed as advanced
embryos, in comparison with controls (Fig. 5).

The number of juveniles released per female de-
creased with increased exposure to severe hypoxic
conditions (Fig. 6A, Table 1); the effect was inde-
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emergence size of juveniles (N = 325). Vertical bars repre-
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pendent of the stage of development at which
embryos had been exposed to the stress (Fig. 6A,
Table 1). The average number of juveniles emerging
per female following 72 h of stress decreased from 93
in the controls to 76, from 95 to 71, and from 99 to 69
for early embryos, intermediate veligers, and advan-
ced pre-hatching juveniles, respectively (Fig. 6A).

On the other hand, mean juvenile size at emergence
was essentially the same following all treatments and
was not affected by developmental stage during ex-
posure or duration of the stress (Fig. 6B, Table 1). Ju-
veniles emerged at shell lengths of about 1.2 mm in all
treatments, including the control (Fig. 6B).

Other clear latent effects were also observed. Juve-
niles that had been stressed for a longer time during
embryonic development were significantly smaller
30 d after emergence (Fig. 7A, Table 1) than were
control individuals, regardless of when in develop-
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Fig 7. Crepipatella dilatata. Influence of early exposure to
hypoxic stress on (A) mean juvenile shell length (N = 325)
30 d after emergence from the mother's pallial cavity, and
(B) juvenile survival at 30 d after emergence from the
mother's pallial cavity (N = 325). Embryos had been exposed
to hypoxia for up to 72 h at different stages of development,
as indicated, while being brooded by the mother. Vertical
bars represent SE. Different letters above the bars represent
significant differences

ment they had experienced hypoxia (Fig. 7A, Table 1).
The largest differences were recorded between con-
trol individuals and those that had been stressed for
72 h, with final mean shell lengths of 4.3 and 2.2 mm,
respectively (Fig. 7A), implying a significant and dra-
matic decrease in mean daily juvenile growth rates
from 0.1 to only 0.03 mm d~!, independent of the de-
velopmental stage at which encapsulated embryos
had experienced the stress.

Longer exposure to hypoxic stress also significantly
reduced juvenile survival over the 30 d monitoring
period (Fig. 7B, Table 1). This was true regardless of
when in development the embryos had been ex-
posed to hypoxia (Fig. 7B, Table 1). Control females
that were not exposed to hypoxic events contributed
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on average approximately 80 living juveniles to the
next generation at the end of the 30 d monitoring
period. In contrast, females that had been exposed to
hypoxia for 72 h while incubating their embryos each
contributed, on average, only half as many juveniles
by the end of the 30 d observation period (Fig. 7B).
The extent of juvenile mortality varied with the dura-
tion of the stress that had been received during incu-
bation, increasing from about 14 % for control fe-
males to about 40% when brooding mothers had
been stressed by severe hypoxia for 72 h.

DISCUSSION

Previous studies have demonstrated that brooding
females of Crepipatella dilatata isolate the pallial
cavity under environmental stress, altering conditions
in the pallial fluid and impacting the brooded em-
bryos (Chaparro et al. 2009a). In this situation, em-
bryos are exposed simultaneously to several accumu-
lated stressors in the pallial fluid, including excretory
products, increased acidity, elevated CO, concentra-
tion, and hypoxia. All of these factors can act syner-
gistically, potentially producing both immediate ef-
fects and severe latent effects (reviewed by Pechenik
2006) on offspring. In particular, isolated embryos ex-
perience a severe and long-term reduction in dis-
solved oxygen concentration in the fluid bathing their
thin-walled egg capsules—from ~8 to <1 mg of O,
1"!, depending on the isolation time and the stage of
development at which the brooded embryos are ex-
posed (Segura et al. 2010) —when their mothers close
themselves off from the external environment in re-
sponse to declining external salinity. In this study, we
found that severely reduced oxygen availability
inside the mother's brood chamber for as little as 24 h
(the shortest stress period tested) caused a number of
immediate and long-term consequences for C. di-
latata that are likely to reduce fitness considerably.
Many of the brooding females in our study evicted
some of their egg capsules following exposure to hyp-
oxia, as previously reported for other calyptraeid spe-
cies by Hoagland (1986), decreasing the number of
juveniles eventually released per female by as much
as about 25 %, in comparison to the numbers released
by control females; such behavior will substantially
decrease reproductive fitness.

Intriguingly, the brooding mothers in our study
were significantly more likely to evict their egg
capsules if they had been brooding advanced
embryos at the time of the stress, including those
close to hatching. This may reflect the increased

metabolic demand of late-stage veligers reported
for this species by Segura et al. (2010) as well as for
some other gastropod species (e.g. Fusitriton orego-
nensis, Brante 2006; Crepidula fornicata, C. coqu-
imbensis, Brante et al. 2008).

Selecting egg capsules containing late-stage em-
bryos for eviction may reduce stress on the mother,
by reducing oxygen consumption within the mantle
cavity where the embryos are brooded (Brante et al.
2009, Chaparro et al. 2009a), thereby reducing the
oxygen debt that must eventually be repaid (Maxime
et al. 2000, Pinz & Portner 2003, Lewis et al. 2007). On
the other hand, of course, although this behavior
likely reduces the costs of additional brooding, it
likely also causes the death of the evicted embryos,
since, without female protection, the egg capsules
will typically experience attacks by protozoa and
bacteria (Hoagland 1986), reducing embryo viability
(Cancino et al. 2003). The evicted, thin-walled egg
capsules will also be vulnerable to predation by
crustaceans and other local predators and will expe-
rience the full impact of salinity fluctuation in the
estuary, with high probabilities of death caused by
osmotic stress (Chaparro et al. 2008b). The conse-
quences will thus be a pronounced reduction in real-
ized fecundity.

Although capsule eviction should reduce fitness in
this species considerably, we also noted that females
of C. dilatata rarely evicted all of their egg capsules,
particularly for the shortest stress period that we tes-
ted (24 h, Fig. 3). This behavior may be adaptive: al-
though egg capsule eviction reduces the female's re-
alized fecundity, it may correspondingly increase the
likelihood that at least some of the offspring remaining
in the brood chamber will survive to hatching.

The number of encapsulated embryos varies con-
siderably among egg capsules in C. dilatata, even
within a single egg mass (Segura et al. 2010). Our
results show the novel and remarkable finding that
females of this species are apparently able to selec-
tively evict capsules containing different numbers of
embryos. For relatively short periods of hypoxic
stress (24 h in this study), females tended to preferen-
tially evict capsules containing fewer embryos com-
pared to their actions after being exposed to stress for
48 or 72 h (Fig. 4). It may be that egg capsules in dif-
ferent parts of the egg mass contain different num-
bers of embryos and that females are simply prefer-
entially evicting egg capsules in some parts of the
egg mass before others. Although it is not clear how
females are making the distinction, the impact of
preferentially evicting capsules containing fewer
embryos could be beneficial in allowing females to
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continue with the reproductive process when facing
short-term adverse environmental conditions by
selectively eliminating a smaller number of embryos
initially. If the stress then dissipated, the remaining
embryos could continue developing, although there
would still be an overall decline in the number of
descendants per female, which would likely impact
population structure and dynamics (Jergensen 1980,
Rosenberg et al. 1983, Sousa 1984).

Prolonged hypoxia also extended the brooding
period of C. dilatata considerably, in proportion to
the degree of stress received. Brooding time to juve-
nile release was increased by at least 100% for
females brooding early embryos and by about 200 %
for those brooding advanced embryos close to hatch-
ing. Such increases in brooding periods have also
been described for a number of other brooding spe-
cies in response to reduced oxygen availability (e.g.
Melanoclamys diomedea, Haminaea vesicula, Cohen
& Strathmann 1996; Crepidula coquimbensis, Brante
et al. 2008). It is likely that reduced oxygen availabil-
ity for embryos plays an important role in reducing
rates of embryonic development (Cancino et al.
2003). In addition, the accumulation of CO, in the
mantle cavity during periods of isolation increases
acidity within the brood chamber (Chaparro et al.
2009a), thereby further inhibiting, through decalcifi-
cation of the protoconch, the growth of brooded
embryos (Montory et al. 2009). Although juveniles
emerged from their mothers at similar sizes following
all treatments in this study, brooding embryos for a
longer time without increasing the number of nurse
eggs available as a food source could decrease per-
individual energy content at emergence, something
that could then reduce juvenile survival and the
effective incorporation of individuals into the adult
population (Chaparro et al. 2012). In our experi-
ments, the slower growth and higher mortality rec-
orded over the 30 d after emergence for those juve-
niles that had been stressed the most as embryos
appears concordant with this idea. This could be
examined further in future studies.

Surprisingly, we found no effect of hypoxic stress, at
any level, on average juvenile size at emergence, a
finding also reported for the polychaete Hydroides el-
egans (Leung et al. 2013). This suggests that emergen-
ce in these species may somehow be triggered when
embryos reach a particular size threshold (Leung et
al. 2013). Further studies will be required to determine
if size at hatching from the egg capsules within the
mother's brood chamber is also size dependent.

Juveniles entering the adult population following
extended periods of severe hypoxia showed a num-

ber of detrimental effects well after the stress had
ended. These ‘latent effects' (reviewed by Pechenik
2006) were revealed in our study as substantially
lower post-emerging juvenile growth rates and sub-
stantially lower juvenile survival (see below), espe-
cially for individuals that had been exposed to
hypoxia for the longest periods during incubation.
The most severe stress (72 h) in our study, for exam-
ple, reduced post-emergence juvenile shell growth
rates by about 50 % when compared to the growth of
control juveniles, regardless of the stage of develop-
ment that embryos had been at when exposed to the
stress. It is not clear from our data whether the re-
duced growth rates were due to differential mortali-
ties (see below) for large and small juveniles or to
latent effects on individual rates of feeding or assim-
ilation. Future studies could clarify the cause of the
dramatically different juvenile growth rates that we
observed. In any event, such greatly reduced growth
rates would likely increase vulnerability of juveniles
to predation after emergence, to the extent that
smaller individuals are more vulnerable to predators
than larger individuals (Gosselin & Qian 1996, 1997,
Hunt & Scheibling 1998)

Juvenile mortality during the first 30 d after being
released into the environment also varied in propor-
tion to the number of hours that brooded embryos
had previously been exposed to stress, and again was
not affected by the stage of development at which
embryos had been exposed to the stress. Whereas
control juveniles showed a 30 d mortality of only
approximately 15 to 20%, about 3 times as many
juveniles that had been exposed to hypoxia for 72 h
as brooded embryos died during the same time
period. Such a high level of juvenile mortality would
likely have a strong impact on population structure in
the field, particularly as C. dilatata lacks a dispersive
larval stage that could facilitate input of individuals
from other populations. The cause of this mortality
remains to be determined.

Prolonged exposure of brooded embryos to hypo-
xia will clearly impact later recruitment to the adult
population, through effects on egg capsule eviction,
juvenile emergence times, pre-emergence mortality,
juvenile mortality, and juvenile growth rates. Conse-
quently, long periods of low salinity in the Quem-
pillén estuary could well lead to marked reductions
in the recruitment of the early stages of C. dilatata,
impacting the population structure of this species
through both immediate and latent effects of hypoxic
stress on brooded embryos. The extent to which
such latent effects —rather than genetic differences
—account for the observed variation in juvenile
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growth rates documented in natural populations of
this (e.g. Chaparro et al. 2005b) or any other organ-
ism remains to be determined.

The capacity for latent effects —effects that result
from stress early in development but that first appear
long after a stress has ended (e.g. after metamorpho-
sis) —appears to be widespread among animals from
a variety of phyla (reviewed by Pechenik 2006).
However, responses differ among species. For exam-
ple, exposing larvae to low-salinity stress reduced
juvenile growth rates for the barnacle Balanus
amphitrite (Thiyagarajan et al. 2007) but had no
effect on post-metamorphic development of 3 species
of calyptraeid gastropods (Diederich et al. 2011).
These gastropods are not immune from latent effects;
however, short periods of food deprivation early in
the development of some of the same species com-
promised juvenile growth rates after hatching
(Pechenik et al. 1996a,b, Chiu et al. 2008). As shown
in this study and in that of Li & Chiu (2013), latent
effects may be part of the normal response when
embryos and larvae are exposed to hypoxia, in at
least some species. Future studies should consider
this possibility when investigating the consequences
of oxygen stress on the developmental stages of other
organisms.

As hypoxic conditions have become more common
in coastal environments around the world, due to cli-
mate change and increasing input of anthropogenic
nutrients and organic matter (Wu 2002, Levin 2003,
Diaz & Rosenberg 2008, Zhang et al. 2013) and are
expected to become even more common in the future
(Wu 2002), interest in understanding the potential
effects on ecosystems and ecosystem components
has increased. Studies to date have focused on docu-
menting molecular responses (reviewed by Wu
2002), community responses in field populations
(Nilsson & Rosenberg 1994, 2000, Seitz et al. 2009),
adult behavioral responses (Wu 2002, Long et al.
2008), impact on the ability of adults to protect them-
selves against predators (Wang et al. 2012), and
impact on embryonic and larval survival (Eerkes-
Medrano et al. 2013, Leung et al. 2013). Our studies
with C. dilatata suggest that exposing developing
embryos to hypoxic conditions for even short periods
may have equally important, and more subtle, effects
on populations dynamics mediated through elevated
pre-hatching mortality, juvenile mortality, and
depressed rates of juvenile growth. Future studies
might also consider the possible impact on time to
maturity and adult fecundity in selected species.
Finally, the egg masses of some non-brooding marine
polychaete and gastropod species seem to strongly

limit the supply of oxygen to the embryos developing
within them (Strathmann & Strathmann 1995, Cohen
& Strathmann 1996). Such embryos might be particu-
larly susceptible to the increasing prevalence of envi-
ronmental hypoxia in coastal ecosystems and poten-
tially display latent effects in response to such stress.
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